Comminution of wide range of densified biomass in four mills. Shape factors do not change significantly compared to particle size with milling. Shape will only noticeably change below the critical particle size for comminution. Mill choking linked to the particle size, shape and classifier Stokes condition. Classification requirements should inform biomass pellet particle sizes. a r t i c l e i n f o 
Introduction
Biomass is the biggest source of renewable energy in the EU and is expected to make a significant contribution to the 20% EU renewable energy target by 2020 [1] . Biomass conversion and cocombustion in coal fired power stations offers a low cost and high impact solution to reducing carbon emissions. However technical issues with using biomass in existing coal mills has led to mill blockages, fires, and reductions in boiler thermal output [2] . Biomass particle shape data is crucial in mill classifier and burner design and optimization [3] , but there is only limited experimental data available in literature [4] . In this study, the impact of different mill fracture mechanisms on a wide range of different densified biomass pellets used for pulverised fuel combustion were examined in order to provide a comprehensive analysis of biomass milling behaviour.
Legislation to reduce Nitrogen Oxide (NO x ) emissions in coal fired power stations has led to improvements in combustion efficiency through the introduction of low NO x burners and improved fineness of coal particles [5] . The size of particles reaching the burner is dictated by the comminution equipment. Coal mills use static or dynamic pneumatic classifiers to select the correct cut size and consistency for combustion. For coal, the industry standard cut size for a classifier is that 75% of coal delivered to the burner must pass a 200 mesh screen (75 lm) [6] , and for biomass the standard classifier setting is 1 mm [7] . Mill classifiers separate particles by using the Stokes condition based on the cut size [8] . The Stokes condition is a measure of the ability of particles to follow the surrounding flow [9] , however it assumes spherical particles and thus shape factors need to be introduced for nonspherical particles. True sphericity was defined by Wadell [10] as the ratio of surface area of a sphere with the same volume as a particle to its actual surface area. As noted by Krumbein and Sloss [11] , the measurement of true sphericity of an irregular particle is not feasible. Wadell [12] proposed a more practical definition of sphericity called Operational Sphericity (u), which Krumbein and Sloss [11] defined as:
where a is the diameter of a circumscribed sphere around a particle, and d is the diameter of a sphere of the same volume as the particle.
As the Stokes condition is also dependent on a particle's Reynolds number; it is possible for large biomass particles to have similar aerodynamic properties to that of a much smaller coal particle provided they have a sufficiently low sphericity [13] . At present, solid fuel combustion prediction models rely on a spherical particle shape assumption [14] , which may deviate from reality for large biomass particles [3] . Shape data is based on simplified shape assumptions of biomass shape, which is usually obtained from imaging [4] . Several studies have analysed the 2D shape factors of biomass through microscopy [15] , 2D digital imaging [16] [17] [18] , and 3D particle reconstruction algorithms have been developed to calculate sawdust particle surface area and volume [19] . However all these studies used small representative particle sizes, and there is no reported experimental data on the operational sphericity of comminuted biomass particles for large sample sizes. In order to improve the bulk density for transportation, biomass is often milled to a coarse particle size then pelletized [20] . For the production of biomass pellets, feed stocks need to be comminuted so that at least 97% of the particles making up the pellet are below 3.35 mm in size [21] . Biomass milling studies have largely focused on non-densified woody, herbaceous, and agricultural residue biomasses in hammer and knife mills [7, 18, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . There are very few studies which consider the milling of densified biomass [38] [39] [40] [41] . Planetary ball mills have been used to assess the improvement in grindability of torrefied biomasses through modified Hardgrove Grindability Index (HGI) tests [42, 43] , and used to develop hybrid work indices for torrefied materials [44] . There are limited accounts of biomass milling trials for coal mills in literature [41, 45] . Studies tend to focus on standard coal grindability tests such as HGI [46, 47] or Bond Work Index (BWI) test [39] . Very few studies compare the milling behaviour of different biomasses in different mills. Studies are generally limited to one biomass group such as woods in several types of mills [41] , woods in a range of hammer mills [48] , or herbaceous biomasses in a range of knife mills [31] . There are even fewer studies which look at the impact of milling on biomass shape factors. Torrefaction has been shown to improve biomass 2D shape factors [18] , and reduce the agglomeration phenomenon characteristics of smaller particles of pulverised biomass, which leads to enhanced operation of pulverised biomass into boilers [49] .
The aim of this study was to quantify the impact of different mill types commonly used in power generation on the milling behaviour and physical characteristics of several densified biomasses. This is the first study which investigates and compares the milling behaviour of woody, herbaceous, fruit, and thermally treated densified biomasses, along with a reference coal for the two coal mill tests, using four distinct types of comminution fracture mechanism. In addition, for the first time the impact of different milling operations on the operational sphericity of biomass particles has been assessed, and the paper demonstrates how this relates to the conditions used to select particles for combustion in full scale mills, particularly in relation to common mill operation issues such as mill choking, and the process history of the biomass pellets.
Materials and methods

Materials & pre-milling characterisation
The samples used ( Fig. 1) are either routinely co-fired in coal fired power plants or have been used in biomass combustion trials. Portuguese mixed wood pellets (mainly pine (Pinus) with eucalyptus (Eucalyptus grandis)), Spanish olive cake (Olea europaea) -a residual waste mix from olive oil production, Russian sunflower Nomenclature a diameter of a circumscribed sphere around a particle (lm) AR particle aspect ratio (dimensionless) C circularity of a particle (dimensionless) [50] , and is known to improve pellet density, carbon content, and grindability [22, 39, 50, 51] . Microwave torrefied white wood pellets, sourced from a commercial supplier, are produced by using microwave energy to directly and volumetrically heat woody biomass through pyrolysis at temperatures below 350°C [52] . Microwave treatment improves pellet energy density and grindability, as well as creating a more hydrophobic material [35, 53, 54] . La Loma coal was included in the study to provide a reference coal against which the performance of the biomasses in coal mills could be compared. La Loma has a HGI value of 46, a standard HGI for coals burnt in UK coal fired power stations [39] . Moisture content was measured in accordance with BS EN 14774-1:2009 [55] . 300 g ± 1 g of each sample was dried in a Thermo Scientific Heraeus UT 6 forced-air oven at 105°C ± 2°C for 24 h. After drying the weight of the sample was recorded and used to calculate the moisture content of the biomass, with each sample being tested in triplicate. The Higher Heating Values (HHV) of the samples were found using an IKA C5000 Bomb Calorimeter in accordance with BS ISO 1928 . Certified Benzoic Acid tablets were used as a standard, and the sample weight was calibrated to give the same temperature rise as the standard. The test was conducted on as received samples, and thus the moisture content (M) as found above, was removed from the HHV values to give the dry HHV (HHV d ):
The particle size range of the biomass particles (prior to densification) was obtained using the BS EN 16126:2012 [57] . 2 l of boiling deionised water was poured over 300 ± 1 g of each pellet sample and then soaked for 24 h. The samples were then dried at 35-60°C until they reached 5-15% moisture content. The samples were then split into two portions; 150 g was used to obtain the moisture content via BS EN 14774-1:2009 [55] , and the other 150 g was split and sieved according to BS 15149-2:2010 [58] to obtain a particle size distribution prior to comminution.
Comminution equipment
Four different mills were used as part of this study; a planetary ball mill, Bond ball mill, knife mill, and ring-roller mill. The mills are off-the-shelf unmodified laboratory mills, with the exception of the ring-roller mill, which is a bespoke one-off laboratory test mill. The planetary ball mill is a batch process without classification, the Bond ball mill uses the BWI methodology [59] to simulate a continuous milling operation by removing undersized milled product and replacing the equivalent mass with new material at calculated intervals until a steady state condition is achieved. The knife mill and ring-roller mill are continuous processes which use a screen and pneumatic classification respectively. Each mill uses a different fracture mechanism, as illustrated in Fig. 2 . The planetary ball mill ( Fig. 2A) uses high impact centrifugal compression fracture mechanisms by rotating the milling bowl and balls at high speeds, while the BWI mill (Fig. 2B ) uses low impact compression fracture mechanisms by rotating the mill at low speeds and allowing gravity to cause a cateracting grinding ball motion. The knife mill (Fig. 2C ) uses high shear forces to fracture and cut the material into smaller fragments through attrition, and the ring-roller (Fig. 2D ) uses a mixture of compression and attrition fracture mechanisms as the material passes between the mill table and rollers. Constant volume was used instead of mass in the milling trials, as milling has been shown to be a volumetric process [42] ; keeping the mass constant favours denser fuels with smaller specific volumes, and thus constant mass is unsatisfactory for making direct comparisons between fuels. Olive cake was not tested in the ring-roller mill as it formed a solid cake and became lodged within the mill, and tripped out the mill bed motors. La Loma coal was only tested in the two coal mill tests (Bond ball mill and ringroller mill) due to limited sample availability.
Energy consumption was recorded using an Elcomponent SPC Pro for the knife mill and ring-roller mill. The total specific energy was calculated by integrating the Power-Time curve obtained from the data logger and then dividing by the material mass [40] to give the total energy consumed during the milling process (kW h/t). The total specific effective energy (E e ) was obtained by subtracting the specific idle energy from total specific energy for the run as measured by the energy logger [33, 34] :
where P is the instantaneous power consumption (kW), P i is the average idle power consumption (kW), t is time (h), and m is mass (tonne). Due to the varying classification settings of the mills, Von Rittinger's theory of comminution was used to compare the relationship between specific effective energy consumption and particle size reduction of the planetary ball mill, knife mill and ringroller mill. The BWI energy consumption was not compared as the energy was estimated using Bond's third theory of comminution [59] rather than using an energy meter. Bond's theory is more applicable to this type of mill than Von Rittinger's theory of comminution. The BWI test is a proven application for sizing tube-ball mills and is a true grindability parameter [60] . Von Rittinger's first theory of comminution states that ''The energy required for size reduction is proportional to the new surface area generated" [61] , and is expressed as:
where K is the constant characteristic for the material, d 1 is the 80th feed passing size (lm), and d 2 is the 80th product passing size (lm).
Planetary ball mill
A standard Retsch PM100 planetary ball mill was used for the planetary ball milling trials with a 500 ml stainless steel milling bowl and eight 30 mm diameter stainless steel balls. The PM100 planetary ball mill has a 0.75 kW drive unit, and total power draw of 1.25 kW. 100 ml of each sample was milled for 3 min at a milling speed of 300 RPM. The input energy consumed was measured directly by the planetary ball mill [62] and the specific effective energy consumption was found by dividing this energy input by the mass of the sample. All milling trials were repeated in triplicate.
Bond Ball Mill
A standard Bico Ball Mill was used to conduct the standard BWI test on a range of biomasses and sample coal [59] . The mill contains 285 steel balls of total weight 20.13 kg with a drum size of 305 mm in diameter by 305 mm in length which rotates at a constant speed of 70 RPM. The details of the test can be found in a previous study [39] . The closing sieve size selected was 1 mm for biomass and 75 lm for coal. All milling trials were repeated in duplicate.
Knife mill
A standard Retsch SM300 knife mill was used for the knife mill trials. The SM300 knife mill has a 3 kW drive with additional auxiliary flywheel mass and speed range of 700-3000 RPM. A 4 mm sieve was used at a speed of 1500 RPM and the sample was continuously fed into the mill via a vibrating bed feeder at an average feed rate of 20 kg/h. 400 ml of sample was used for each run and all milling trials were repeated in triplicate.
Ring-roller mill
The Lopulco LM 1.6 is a laboratory scale continuous throughput ring-roller mill which has not previously been reported in biomass milling literature. The mill is a bespoke one-off experimental test mill and is around 40 years old, but was fully refurbished before this study. The system has a 2.2 kW fan, 0.65 kW mill bed motor, 0.37 kW feeder motor and 0.12 kW rotary valve motor. In the system the air is recirculated in a closed loop system, with air being fed to the underside of the mill and then pulled through to the cyclone where the particles drop out and the air returns to the fan. Material is placed in a hopper which feeds directly into a variable speed screw feeder. The feed flows directly into the mill which has variable speed rotating table and two rollers supported by adjustable hinged spring lever arms that rest clear of the table, setting the roll gap. The material is pushed under the rollers by oncoming feed and the spinning table. The separator is connected to the mill table via a vertical shaft. Milled material flows to the outer rim of the table, is lifted pneumatically by the air entering through the base of the milling chamber, and carried up to the top of the milling chamber, exiting through the separator. If the material is sufficiently fine it will pass through the separator while the oversize material is returned to the mill for further comminution. The milled product, which is classified by the separator, flows pneumatically to a cyclone where the material is separated from the air stream. The material from the cyclone falls into a surge bin that feeds a constant speed rotary air lock which maintains system pressure and allows the cyclone to continuously remove material from the air stream. 1 kg of densified biomass was tested in triplicate, and 600 g of La Loma coal was tested in duplicated tests due to limited supplies. The mill bed was set to a speed of 200 RPM, and the screw feeder was set to run at 70 RPM, resulting in a mass feed rate of approximately 7 g/s for the biomass pellets and 10 g/s for the coal due to the density variations of the fuels.
Particle size distribution by sieving
Particle size distributions were determined by sieving the milled product in accordance with BS EN 15149-2:2010 [58] 
Particle size characterisation
The Rosin-Rammler distribution equation was originally developed to describe the distribution of coal fines from coal mills [63] , and it has been shown that the Rosin-Rammler distribution equation is a good fit for biomass comminution in hammer mills [29, 33] . The Rosin-Rammler equation is:
where R is cumulative percentage undersize mass (%), d is particle diameter (lm), d 0 is the characteristic particle size (lm), defined as the size at which 63.2% (1 À l/e = 0.632) of the particles (by weight) are smaller, and n is the Rosin-Rammler size distribution parameter (dimensionless). The Rosin-Rammler parameters were found using the Matlab Ò GUI Tool developed by Brezáni and Zelenak [64] . The particle size distributions of percentage retained mass against particle size were plotted on semi-logarithmic plots.
Particle shape distributions
Particle shape analysis was conducted on a Retsch Camsizer Ò P4. The Retsch Camsizer P4 measuring system is based on 3D digital imaging processing [65] . The sample was split using a riffle box 6 times prior to measurement to ensure that a representative portion of the sample was analysed. The particles flow along a vibratory bed feeder until they drop into a slot and pass between a light source and two high speed cameras. The particles were individually detected as projected areas, digitalised and the images processed. The measurements were analysed in the Retsch Particle Library software (version 1.4.1) in wizard mode [66] . By screening the results for the 50th percentile of the shape cumulative distribution (Q 50 ), a particle list was created for the filtered sizes (particles within the range of the set value +0.001), and representative images were selected. The sample size was approximately 2-5 million particles depending on the fineness of the sample.
Particle shape characterisation
The results of the particle shape characteristics are based on the shortest chord diameter (d c_min ) [67] . The shortest chord diameter (d c_min ) can be considered as equivalent to the particle size achieved from sieving. The aspect ratio (AR) is the ratio of the width of a particle to its length, which in the case of the measured parameters is equivalent to the ratio of the shortest chord diameter to the maximum Feret diameter (d FE_max ), which is the longest distance between two parallel tangents of the particle at any arbitrary angle [67] :
The measured sphericity is the operational sphericity as defined by Krumbein and Sloss [11] , as defined in Eq. (1), and has a value between 0 and 1, with 1 being a perfect sphere. Circularity (C) is a measure of how closely a particle resembles a circle, considering the smoothness of the perimeter and is determined in accordance with BS ISO 9276-6 [68] , and is a measure of the roundness of a particle [69] .
where d A is the area equivalent diameter of the particle and d P is the perimeter equivalent diameter of the particle. The Camsizer software squares the circularity to give a value between 0 and 1, with an ideal circle having a value of 1 [67] . The Symmetry (Symm) of particles indicates the level of symmetry in the particles of a given size class, and is defined as [67] :
where r 1 and r 2 are distances from the centre of area to the borders in the measuring direction. For asymmetric particles Symm is < 1. If the centre of area is outside the particle i.e. r 1 /r 2 < 0, then Symm < 0.5. The symmetry is a minimum value of a measured set of symmetry values from different directions.
Results & discussion
The results of the milling trials provide a comprehensive overview and novel insight into the diverse range of milling behaviours of different densified biomasses. Due to extensive nature of the results presented, they are categorised firstly by material group, followed by commonalities and variances in milling behaviour, the mechanisms of mill choking, and the implications of the results on future milling research and full scale milling operations. The milling results are summarised in Figs. 3 and 4 , with additional data in Table 1 . Fig. 3 shows specific effective energy consumption for the planetary ball mill, BWI mill, knife mill, and ring-roller mill by biomass type.
The most notable overall result is the incredibly high milling energy for the BWI test, which is detailed in a previous publication by the authors [39] . This is due to mill choking. Mill choking is the phenomenon by which the rate of feeding into a mill is faster than the rate at which it can be evacuated from the mill. For full scale coal mills with classifiers and recycle, mill choking happens when the mill is unable to reduce the particles to a size and shape suitable for meeting the Stokes conditions of the classification system. Further feeding into the mill results in increased circuit load due to the necessity of the still oversized material to be recycled and subjected to further comminution. The higher load increases the requirement for energy due to an elongated residence time for comminution. The mechanisms behind this phenomenon and the impact on milling behaviour are discussed later in this paper. Table 1 comprehensively characterises the samples prior to milling and for each milling process. It contains particle size characterisation through the Rosin-Rammler analysis of the particle size distributions, the relationship between specific effective energy and particle size through the Von Rittinger constant, and impact of milling on the shape properties of the particles. Fig. 4 illustrates the impact of milling on the sphericity of the particles through the milling process. Through these results, the influence of process history and material properties can be elicited on the milling behaviour, providing novel insight into the comminution of biomass for power generation applications.
Woody biomass
The mixed wood and eucalyptus pellets fall within the woody category of biomass according to BS EN 172251 [70] . The wood pellets had some of the highest energy consumptions of all the samples. Mixed wood pellets choked in the ring-roller and BWI mills (Fig. 3) , and had the highest energy consumption in the knife mill (32.5 ± 0.5 kW h/t). In contrast, eucalyptus pellets were on the lower end of energy consumption for the non-treated biomasses (87 ± 8.7 kW h/t), with a similar energy consumption to the steam exploded pellets in the BWI test (64 ± 0.8 kW h/t). Comminution in all mills had a similar impact on particle size for both woods, with eucalyptus producing a finer particle size distribution than the mixed wood for lower energy consumptions (Fig. 3 ring-roller mills show little impact on the pre-milled particle sizes. For the knife mill, this was related to the selected screen size for the knife mill (4 mm) and thus the pellets broke down into their pre-milled size and passed through the screen. The ring-roller used pneumatic classification which was set to allow maximum throughput, which allowed for coarse particles to pass the aerodynamic barrier. Eucalyptus particles saw little change in sphericity through milling despite a significant change in particle size in the planetary ball mill and BWI mill. The mixed wood particles saw an increase in sphericity in all the mills (Fig. 4) , demonstrating significant variances in milling behaviour within the same biomass group. When the energy consumption is also taken into account (Fig. 3) , eucalyptus pellets show a greater change in particle size for a much lower energy consumption in all mills compared to the mixed wood pellets. Thus eucalyptus particles reduce more easily in size with little change in shape for less milling effort than the mixed wood particles. 
Herbaceous biomass
Sunflower and miscanthus pellets fall into the herbaceous biomass group according to BS EN 17225-1 [70] . The particle size reduction of the herbaceous samples were not dissimilar to the woody pellets. In spite of having some of the highest energy consumptions, there was little impact on the particle size in the planetary ball mill, knife mill, and ring-roller mill ( Table 1 ). The only real difference was observed in the BWI test where both the sunflower (d 80 757 lm) and miscanthus (d 80 813 lm) pellets choked, resulting in the very high specific effective energy consumption (Fig. 3) . It is notable that in the ring-roller mill test, where neither sample choked, sunflower had the lowest energy consumption of all the densified biomasses (7.9 ± 1.3 kW h/t). Sunflower pellets biggest increase in sphericity was observed in the BWI test (0.375-0.426), which also resulted in its largest reduction in particle size. The high energy consumption for the BWI test (366 ± 0.5 kW h/t) shows that a large effort was involved in achieving this change in particle size and shape. For the other shape factors, sunflower and miscanthus particles saw a decrease in Sphericity Q 50 Pre symmetry and circularity, and increase in aspect ratio with milling, which is the same trend as seen for the mixed wood pellets (Fig. 4) .
Fruit biomass
Olive cake is a fruit biomass according to BS EN 17225-1 [70] . Olive cake had some of the lowest energy consumptions of the non-treated biomasses (Fig. 3) . The olive cake was the only nontreated biomass to show a significantly different milling output in all the mills. Olive cake produced the finest non-treated biomass particle size distribution in the BWI test (d . Due to its composition, olive cake also produced the most spherical particles after milling. Wood is a low density, cellular polymeric composite of hemicellulose, cellulose, and lignin (HCl), and all biomasses are composed of varying quantities of HCl [71] . The needle like structure which is visible in particle outlines of the wood and herbaceous particles (Fig. 4) is due to this composite structure [71] . Olive cake on the other hand is made of two components [72] ; a stone where the lignin is concentrated, and the outer pulp or flesh where the hemicellulose and cellulose is concentrated, resulting in rounder and more spherical particles (Table 1 and Fig. 4) . The olive cake saw a notable change in sphericity in the BWI mill (11% decrease), but this was accompanied by its largest change in particle size. This trend was also true for the symmetry, aspect ratio and circularity, which also saw little change through milling apart from in the BWI mill.
Thermally treated biomass
The steam exploded and microwave pellets fall into the thermally treated biomass group, and show the most dissimilar results to any other group. The microwave pellets proved to be hydrophobic during the pellet disintegration test, and retained their original size and shape with no swelling. This implies that the microwave thermal treatment has resulted in a fundamental change in the structure of the material. Unlike the other pellets, the microwave pellets are composed of material which has been permanently fused together by the microwave process. Unfortunately no data on the pre-densified particle size distributions was available for the microwaved pellets. The thermally treated pellets showed the lowest energy consumptions of all the biomasses (Fig. 3) . While the energy consumption was generally similar for the two thermally treated pellets, the microwave pellets energy consumption was over half that of the steam exploded pellets in the BWI test (Fig. 3) . The thermally treated biomasses show very different particle size distributions and particle shape factors compared to the woody pellets (Table 1 and Fig. 4 ). There was a significant reduction in particle size for different mills compared to the woody biomasses, highlighting that thermal treatment does significantly improve the grindability of woody biomasses. This has been noted in several previous studies for non-densified biomasses [18, 22, [35] [36] [37] 39, 42, 44, 46, 47] , but has not previously been shown for steam exploded and microwave thermally treated biomass pellets. Microwave and steam exploded pellets had noticeably improved all shape factors compared to the woody biomasses. Thus thermal pre-treatment also improves the shape factors of the particles, as previously noted for non-densified biomass [18] . This shows that thermal pre-treatments are creating biomass particles which are more spherical and closer to those of coal particles, which will allow for better mixing and particle flow in pulverised fuel systems.
Coal
La Loma coal was tested in the ring-roller and BWI mill to provide a benchmark against which the performance of the biomasses could be compared. It had the lowest energy consumption (4.8 ± 2.7 kW h/t) and smallest particle size in the ring-roller mill (d 0 281 lm), and achieved similar energy consumption to the microwave pellets for a much finer particle target size in the BWI test (23 ± 0.1 kW h/t). Only the thermally treated pellets had comparable energy consumptions (Fig. 3 ), but for a much larger product particle size. There was little change in the particles shape factors despite a significant change in particle size for the La Loma coal (Table 1 and Fig. 4) ; which signifies that the brittle fracture mechanisms of coal result in considerably more efficient comminution than can be achieved for biomass. The La Loma coal results demonstrate that comminuting biomass in a coal mill will result in a significant loss in performance, and thus with lower mill throughputs. With the added penalty of reduced higher heating values (Table 1) , biomass combustion in coal fired power stations will inevitably lead to reduced mill throughput and thermal output and a reduction in potential power generation.
Commonalities and variances in densified biomass comminution
Each of the mills in this study used a different fracture mechanism for particle size reduction (Fig. 2) , and also had distinct classification systems. Apart from the BWI mill, most mills show similar specific effective energy consumptions (Fig. 3) ; the ringroller mill has the lowest energy consumptions (4.8 ± 2.7-24.9 ± 7 kW h/t), followed by the knife mill (19.3 ± 2.4-32.5 ± 0.5 kW h/t) and finally the planetary ball mill (22.2 ± 1.4-37.9 ± 1.7 kW h/t). These specific energy values are similar to those summarised by Temmerman et al. [38] for non-densified and densified woody biomasses in hammer and knife mills. However, despite similar energy consumptions being recorded for all mills apart from the BWI mill, very different product sizes were obtained (Table 1) . By comparing the Von Rittinger constant (K) for these three mills (Table 1) , it is clear than some mills have achieved a greater particle size reduction for a similar specific effective energy consumption. In general, the planetary ball mill showed the highest K values, followed by the ring-roller mill and knife mill.
However the results are material dependent. The woody pellets showed the highest K values in the planetary ball mill (17.9 for mixed wood and 11.3 for eucalyptus). The miscanthus pellets showed very low K values in all mills (À0.9 in the ring-roller mill to 3.7 in the knife mill), indicating that none of the mills significantly reduced its particle size. The steam exploded pellets showed very high K values in the planetary ball mill (37.3), but negative values in the knife mill (À2.8), as the mill broke the pellets into chunks rather than particles. The results suggest that the most effective fracture mechanism is material dependent. This is linked to the target size of the mill and the ability of the material to reach that size.
The dry higher heating value (HHV d ) of the materials ranged between 18,669 J/g and 21,261 J/g for biomass and 29,665 J/g for coal ( Table 2 ). The specific effective energy consumption generally represented a small amount of HHV d . The planetary ball mill saw the lowest percentage for olive cake (0.39%) and highest for mixed wood (0.66%). Sunflower showed the lowest (0.33%) percentage, with mixed wood the highest (0.57%), for the knife mill. For the ring-roller mill, La Loma showed the lowest (0.06%) whilst mixed wood showed the highest (0.43%). The BWI test showed significantly higher percentages for the materials which choked, with miscanthus (8.21%), mixed wood (7.20%) and sunflower (6.35%), which is an order of magnitude higher than La Loma (0.28%) and Microwave pellets (0.42%). This highlights the impact mill choking has not just on mill performance, but on how thermal output is compromised by non-optimal milling conditions; this would result in a significant loss of output for a power generator.
The particle shape factors provide novel insights into the milling behaviour of biomass and coal. Fig. 5 shows the cumulative distribution of particle sphericity of the samples prior to testing. The cumulative distributions are based on the sphericity of particles as a percentage of tested sample volume. For the pre-milled samples, woody and herbaceous pellets have the least spherical particles, followed by the thermally treated pellets, La Loma coal, with olive cake having the most spherical particles. This trend was noted for all the shape factors (Fig. 4 and Table 1 ). Comminution did not significantly change the particle shape factors, even when a significant change in particle size was observed. For La Loma coal, an order of magnitude of particle size change was observed between the pre-milled and milled particle sizes, but resulted in little change in particle shape. There were also significant reductions in particle size for olive cake, steam exploded pellets and microwave treated pellets in the mills, but once more their sphericity showed little change. Thus the pre-milled particle shape of biomass and coal is inherent in informing the particle shape after milling, even if there is an order of magnitude change in the particle size.
Mechanisms of mill choking
The BWI test observed significantly higher specific effective energy consumption for several of the samples (mixed wood pellets 413 ± 3.7 kW h/t, miscanthus pellets 425.9 ± 29.5 kW h/t, sunflower pellets 366.3 ± 0.5 kW h/t), which was due to these samples choking in the mill. As noted in a previous paper by the authors [39] , the pre-densified particle size of the pellets was a key feature in mill choking in the BWI mill. In a batch operation such as the BWI test, which aims to simulate continuous milling, mill choking means that the mill never reaches a steady state condition of milling. For the BWI test, the revolution count never stabilised and the grindability per revolution stabilised to a very low value. In the ring-roller mill, steady state was also not achieved for the mixed wood pellets. The mass output flowrate (4.1 g/s) was less than two thirds of its feed mass flowrate (7.0 g/s) for the mixed wood pellets, while the other biomasses input and output mass flow rates were almost equal, indicating steady state operation. When mill choking was observed, a greater change in shape factors was observed for a small change in particle size due to attrition (Fig. 4) . The mixed wood pellets showed a small change in particle size (pre-milled d 80 1373 lm, milled d 80 1201 lm) in the ringroller mill for the highest specific energy consumption. However there was a 14% increase in average sphericity for this relatively small reduction in particle size, the largest change in shape for any of the materials.
The mechanisms of mill choking can be linked to the fracture mechanisms used in the mills and the material fracturing properties. Coal is a brittle material and fractures originate from stressactivated flaws, and in practice different particle sizes break at different rates [73] . Smaller coal particles require higher energy inputs to break, as there is less chance of finding a large flaw in a smaller volume of a small particle. Thus the repeated use of size reduction will result in stronger smaller solid particles, and eventually the energy required to initiate failure will be larger than that which can be achieved. This is the point at which the critical particle size for comminution through compression is reached [74] , beyond this the material behaves as if it is ductile under compression and size reduction will only be possible through attrition. This length is material dependant and it is known to be around 5 lm for coal, however the values for biomass are unknown. The results of this study suggests that below the critical particle size for comminution through compression, the shape of the particle will only start to change by attrition, the only remaining mechanism of size reduction available; this results in a slower comminution process than size reduction through compression, and hence mill choking occurs.
In contrast to coal, biomass does not have an inherent crack system. Wood is an orthotropic material and has two or three mutually orthogonal twofold axes of rotational symmetry, resulting in anisotropic mechanical properties [71] . In wood, cracks will generally grow along the wood fibres, irrespective of both the original notch orientation and the mode of fracture [75] . Cracks oriented parallel to the wood fibres grow self-similarly, while cracks originally oriented across the wood fibres hardly ever grow in their own plane; instead they make a perpendicular kink and extend along the fibres immediately after onset of fracture, giving wood particles their needle like shape. The fibre-composite structure of wood means that it deforms elastically, however its brittle behaviour is dominated by tension perpendicular to the grain and shear, while compression failure parallel to the grain is ductile in nature, with plastic deformation before failure. Due to this complex combination of failure mechanisms and the varying composition of biomass, the critical particle size for comminution will vary between biomass types.
The results of this study indicate that the planetary bill mill can give an indicative value for the critical particle size of comminution for biomass. When the d 80 particle size of the planetary ball mill was smaller than the d 80 of the BWI test, no choking was observed. However, if the opposite was true, choking was observed. milled product was coarser than that obtained in the planetary ball mill. This trend was noted for all biomasses which choked in the BWI test. This indicates that the planetary ball mill is reducing the material to a particle size close to its critical particle size for comminution through compression [74] .
Implications for biomass milling research and industry
This study has several major implications for future milling research and biomass comminution in full scale mills. The study has shown that there will be little change in a biomass particle's shape unless it chokes within the mill. As conventional milling leads to no significant change in the particle shape factors, the process history of the biomass is fundamental in influencing the comminuted particle shape; this will play a leading role in determining its ability to pass an aerodynamic barrier. The other key parameter is the materials critical particle size of comminution for which, where biomasses are concerned, there is no data currently, and research is required in this area in order to gain greater insight into biomass milling. Thus, for biomasses to be used in pulverised fuel combustion systems knowledge of these two parameters is fundamental for optimal milling and combustion. The comparison to La Loma coal milling performance highlights that when the milling of biomass particles is required, there will be a significant reduction in milling performance. To mitigate this, pellets should be composed of particles of the correct size and shape to pass through the classifier, and thus milling will only need to break down the weak pellet bonds. This would eliminate the issue of mill choking, minimise the milling energy penalty, and ensure maximum mill throughput. Beyond this, the pre-densified particle shape factors can be used in turn to inform CFD models, which can then inform classifier set up and pellet specifications. This would allow for CFD combustion models to be more closely linked to experimental milling and combustion research.
The correlation between particle size and shape in laboratory scale milling trials is of paramount importance in understanding its applicability to full scale systems. Fig. 6 shows the relationship between particle shape and size for the four mills. The correlations noted are indicative of the behavioural trends of the mill classification systems. No correlation was observed for the planetary ball mill, which is to be expected as no classification system is used.
The knife mill showed a linear relationship, with increasing particle size resulting in increasing sphericity, which does not fit the Stokes equation relationship. The knife mill used a 4 mm screen which resulted in the pellets only breaking down into their predensified sizes (Table 1 ). The knife mill uses a screen rather than the Stokes condition to select particles, which is similar to full scale hammer mills. However at UK power stations such as EDF Cottam, the hammer mills are used as part of a semi-direct injection system feeding pulverised fuel burners. The product from the hammer mills is injected into the pneumatic flow from the tube-ball mills and delivered to the burners as a mix of coal and biomass. Therefore even though the hammer mill is not using the Stokes condition to select the particle size, the screen selection should be such that the comminuted particles have the correct physical parameters for optimal pneumatic flow and for complete combustion. The ringroller mill tests show that classification results in a wide spread of particle sizes due to the varying density and sphericity of the different materials. Both the BWI and ring-roller mills showed increasing sphericity with decreasing particle size, which fits the Stokes requirements. The ring-roller mill highlights how pneumatic classification will result in varying product sizes for different biomasses. Current biomass milling research is focused on grinding tests rather than grinding and classification. This study has shown that for biomass milling studies, classification cut size based on burner requirements should be used to determine the target size of laboratory milling trials.
Conclusion
This paper provides a comprehensive overview of the milling behaviour of a wide range of densified biomasses in different mills. The comminution of densified biomass is intrinsically linked to the raw material composition, comminution behaviour, and milled product characteristics. The pre-densified particle size and predensified particle shape are determined by the process history of densified biomass; these two key factors will control the comminution behaviour. This study uniquely observed that comminution does not significantly impact biomass particle shape even when there is a significant change in particle size, and thus the process history of biomass pellets determines the comminuted particle shape. For the pre-milled samples, woody and herbaceous pellets have the least spherical particles (u 0.324-0.404), followed by the thermally treated pellets (u 0.428), La Loma coal (u 0.503), with olive cake having the most spherical particles (u 0.562).
The study indicated that the most effective fracture mechanism is dependent upon the material, and is linked to the target size of the mill, as well as the ability of the material to reach that size. La Loma coal had significantly enhanced milling performance in the ring-roller and BWI mills due to the favourable fracture mechanisms employed in these mills for brittle materials. In order to compensate for this when using biomass pellets, care should be taken to ensure that the pellets are composed of particles of the correct size and shape to pass through the classifier. Comminution would therefore only need application to breaking down the weak bonds formed during the pellet making process. The consequences of this would be maximising mill throughput and increasing the energy potential of the fuels.
A common operational issue experienced with densified biomass is mill choking. This study identified that the mechanisms of mill choking are intrinsically linked to the critical particle size of comminution through compression, particle shape factors, and the Stokes conditions set for a pulverised fuel combustion system's classifier and burners. Particles will not significantly change shape until this critical particle size is met, after which the only mode of size reduction available is through attrition, leading to slower comminution, and induced mill choking. As a consequence, steady state milling cannot be achieved, resulting in poor milling performance and a significant energy penalty on the fuel; for an energy generator this results in a loss of potential power generation. Currently no data exists on the critical particle size for comminution of biomass. Further research is required to determine this for commonly used biomasses and the impact this has on the milling of densified biomass in relation to their process history.
